Abstract-Microscale teleoperation with haptic feedback requires scaling gains in the order of 10 4 − 10 7 . These high gains impose a trade-off between stability and transparency. Due to the conservative approach used in most designs, transparency is reduced since damping is added to the system to guarantee stability. Starting from the fact that series, negative feedback and parallel connection of passive systems is a passive system, a new approach is addressed in this work. We propose here a complete teleoperation chain designed from the ground up for full transparency and stability, including a novel self-sensing probe and a high fidelity force-feedback haptic interface. By guaranteeing the passivity of each device and assuming that the human operator and the environment are passive systems, a homothetic direct coupling can be used without jeopardizing the stability and provides best transparency. The system is experimentally demonstrated in the complex case of a probe interacting with a water droplet under human control, while accurately transcribing the interaction back to operator.
I. INTRODUCTION
Human interaction with the microscale remains an important challenge for several applications in nanotechnology, biology and physics such as characterization and analysis of microscale phenomena. In fact, at this scale the operators cannot interact directly with objects because of the scale and especially of severe differences in physics: mechanical behavior is no longer dictated by gravity, and short range forces such as electrostatic, capillary and van der Waals forces dominate [1] . Bilateral micro teleoperation in this case appears to be an interesting solution to supplement human perception and assist the operator in his/her task [2] , [3] . Two issues arise in this case: stability and transparency. The first is a necessary condition for the usability of the system, while the second relates to the ability of the setup to provide the operator with an accurate feeling of the microscale interaction [4] , [5] . Since 1990, several micro teleoperation systems have been proposed to provide a sense of touch and to enhance manipulation capabilities at the microscale. As an early example, Hamatura and Morishita proposed a nanomanipulation system to allow human operators to experience the "nanometer world" [3] . Hollis introduced haptic feedback for the first time using a Scanning * Tunneling Microscope (STM) [2] . Lawrence proposed tools for quantifying performances of general teleoperation system architecture, stability and transparency [4] . Following those works, Sitti and Hashimoto connected an haptic interface with an Atomic Force Microscope (AFM) to feel and manipulate small objects, using homothetic gains to adapt micro and macro scales [6] . Ryu and Hannaford also proposed a control scheme to ensure stable teleoperation under a wide variety of environments and operating speeds based on passivity control [7] . In [8] , a bilateral controller based on [9] was presented using passivity approaches to deal with time delay for microscale operation. In recent literature, various approaches (passivity, oblique coordinates, observers...) are used to improve performances of bilateral micro teleoperation systems, especially in terms of stability [10] - [18] However, no work achieved in the same time stability and transparency of the micro teleoperation systems. All of the above-mentioned systems are subjected to the classical engineering trade-off between stability and transparency. Due to the conservative approaches used in those designs, transparency is reduced since damping is added to the system to guarantee stability. On the other hand, a micro to macro teleoperation system requires homothetic gains in the order of 10 4 to 10 7 . Those scaling factors greatly fragilize stability, especially in the presence of uncertainties like disturbances or sensor noise. Recently, a study shows that unlike indirect coupling, the direct coupling (Direct Force Feedback control scheme) that uses only homothetic gains is transparent but it suffers from a trade-off between force amplification and workspace limitation [19] . Furthermore, transparency is generally affected by the mechanical properties of the haptic interface. For example, small forces are badly transmitted due to problems of friction, inertia and hysteresis that tend to deteriorate the feeling provided by such systems To overcome those limitations and this trade-off, we propose in this paper a new approach. Instead of using available devices with a dedicated bilateral control scheme to ensure the overall stability, we propose a modular micro teleoperation system using custom components designed with passivity and transparency constraints. The stability is then guaranteed as the serial connection of passive systems yield a passive system [20] . The used haptic interface is presented in [21] . Its design provides performances covering human haptic perception and avoids the mechanical degradation of the feedback signal. Its transparency is shown on a large bandwidth [22] . The microscale probe and the associated force sensor are described in detail in [23] . A direct coupling scheme is proposed here to provide a stable and transparent microscale teleoperation chain using these components. This connection of passive components overcomes the need to sacrifice the transparency for stability. Tools based on passivity and impedance analysis are introduced to evaluate the stability and the transparency. An experimental case study is presented, where a human operator probes a water droplet. The haptic feedback is a faithful replica of the microscale interaction, due to the accuracy of the force sensor and the haptic interface, and the used direct coupling scheme.
This paper is composed of six sections. Passivity theory is addressed in section II. In section III and IV, the master system and slave system used in this work are presented respectively. The stability and transparency of the bilateral teleoperation system are analysed and the validity of the proposed approach is confirmed by experiments in section V. In the last section, the work is summarized.
II. PASSIVITY THEORY
Theoretical proof of the stability of any interconnected system is quite difficult, if not impossible, to provide. The passivity concept has consequently attracted great interests because it gives an easier way to prove the stability [24] .
Passivity is defined such that a given system with state x, input u and output y is said passive if there exists a storage function V (x) ≥ 0, with an initial stored energy V (0), and a real-valued rate W (u, y), such that the inequality (1) holds ∀t ≥ 0.
In other words, the stored energy of the system is always less than or equal to the sum of the initial stored energy and the energy provided to the system. A passive system is internally stable [25] - [27] .
The passivity concept provides a strong tool to study the stability of systems and interconnected systems [28] . Any serial, parallel or negative feedback combination of two passive subsystems is also passive [20] , [29] . According to the Parseval's Theorem [30] , [31] the passivity of a LTI (Linear Time Invariant) system with a rational transfer function H is guaranteed if (i) for the continuous time case -all poles of H(s) have real parts less than zero; -and H( jw) + H * ( jw) 0 for all w ∈ [−∞ ∞] (ii) for the discrete time case -all poles of H(z) have a module less than one; -and H(e jθ ) + H * (e − jθ ) 0 for all θ ∈ [0 2π] where the superscript * denotes complex conjugate transposition. If a LTI system is passive, the system is stable when coupled to an arbitrary passive system which is itself passive [32] .
These criteria are used to verify the passivity of slave and master devices. In this work no distinction is made between the continuous and the discrete case, since the sampling frequency is ten times higher than the bandwidth of the system ( f e = 1 T e =1kHz).
III. MASTER SYSTEM: DUAL STAGE HAPTIC INTERFACE
The haptic interface with one degree of freedom [21] used in this work is shown in Fig. 1 . Haptic interfaces using electromagnetic drives are subjected to an inherent inertiatorque trade-off which limits transparency : the higher the torque, the higher the inertia. Consequently the transparency is degraded with inertia.
The proposed interface is based on a dual-stage architecture. It is comprised of a large motor coupled to a small one, also carrying the handle, through a passive viscous clutch based on eddy currents. This clutch mechanism accurately transforms slip velocity of the large motor into torque and exhibits a linear behavior on a large bandwidth (for brevity, no distinction is made in the following between forces and torques). This first order relationship between the velocity control and the handle eliminates the dynamics of the large motor from the user experience. A feed-forward path is provided through the small motor to fill in the transients or fast variations of the input signal that the large motor could not provide. As this second motor has negligible friction and inertia, unwanted forces could be kept below human detection threshold achieving quasi-perfect transparency.
A. Haptic interface control scheme
Referring to Fig. 2 , the system has two torque commands and one torque output, which can potentially provide a number of control options. Here, the primary control objective is regulation and tracking of the output torque τ out .
The reference torque τ d , is compared to the torque produced by the clutch, τ coupler , which is proportional to the relative velocity between the large and small motors. The large motor is enslaved by the compensator C(z) to the torque error. The small motor is controlled to reduce the error without compensation since it is needed to transiently compensate for the slower response of the large motor. If the regulation is good enough, when the handle is backdriven, the power required to move the large motor must be entirely supplied by the power amplifier, not by the user. A polynomial controller is used to achieve this objective. Figure 3 represents the response of the interface to a null reference. The controller compensates the inertia of the large motor. The dynamic range of the interface covers from 5.2 mN to 5.7 N. Furthermore, the control scheme doesn't change the passivity of the haptic interface according to the properties of passive interconnected systems described in section II.
B. Interface performances
User tests were carried out to evaluate the performances of the interface in [22] . The aim of the experiment was to validate the high degree of transparency of the device. The operator had to perform a task of detecting a small amplitude stimulus, which can be assimilated to scanning a planar surface at the microscale with a localized minor defect.
The result of the tests shows that the interface achieves one order of magnitude of improvement in transparency over existing designs, i.e ten times smaller stimuli can be accurately detected. The inertial load seen by a finger is only around one gram.
IV. SLAVE SYSTEM : ACTIVE MICRO FORCE SENSOR
The slave device performs the physical interaction at the microscale and provides force sensing. The force sensor is presented in depth in [23] . The sensor uses electrostatic energy instead of elastic energy to perform the measurement. It is designed around a linear comb-drive actuator. Its working principle is to keep the probe on its equilibrium position by a force to cancel out external forces. As the comb-drive actuator is perfectly known and controlled, the balancing force is equal to the external force and directly provides the measure (Fig. 4) .
Based on the position feedback of the probe y(t) an Hinfinity controller generates an opposite signal u(t) in order to balance the external applied force and to maintain the probe at its equilibrium position, as shown in Fig. 5 . Instead of measuring the interaction using the signal coming from the displacement of the probe, it is computed as being proportional to the value of the opposite voltage applied by the controller generating the opposite force F act . In this case, F act −F ext . This technique which uses the closedloop control principle allows maintaining the sensitive part of the sensor in the linear range, improving precision, increasing the sensor dynamic range and improving the robustness and the stability of the sensor. Thus, the sensor probe can track the integrality of the tip-sample interaction curves. It especially avoids several problems inherent to scanning probe microscopy using elastic probes, such as pull-in, pull-off and hysteresis.
The LTI transfer function H(s) linking F act to F ext is:
where G(s) and K(s) are respectively the system plant and
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where k n =0.032, ζ =0.0047 and w n =64 rad/s and 8 (4) All the poles of the function H(s) have a negative real part and the real part of the transfer function is positive over the entire bandwidth. This verifies the LTI passivity statements given above. The system thus remains passive over the entire bandwidth.
V. BILATERAL MICRO TELEOPERATION SYSTEM
A direct force feedback control scheme is used for the bilateral coupling. This scheme is to be the most intuitive formulation to accurately provide amplified forces to the operator. It is achieved by two homothetic gains α f and α d , respectively the force and the position scaling factors. These gains are necessary to adjust the scale between the macro and micro environment. As this coupling is solely comprised of those linear gains, the transparency is ideal, as shown in [33] . The gain α f is chosen according to the dynamic range of the sensor and of the haptic interface. Its value in this case is 0.05 10 6 . The gain α d is chosen according to the displacement range of the sample holder and the handle. For a good trade-off between precision and manipulation comfort, the value of 1/α d =140 10 −4 is used.
As shown in Fig. 8 , the position of the handle is scaled down and used as position set point to the transducer carrying the sample holder. Its transfer function M p (s)(M p (z)) can be considered as unity, M p (s) = M p (z) 1. The force measured by the sensor is scaled up as force set point to the haptic interface.
A. Stability analysis
The whole system can be presented as a series connection of sub-systems (blocks) as depicted in Fig. 6 . The system is composed of the haptic interface connected to the human operator and to the slave device (considered as the sum of the transducer of the sample holder and the force sensor) through direct haptic coupling. The slave device is connected to the environment.
Assuming that the user will not voluntarily destabilize the system, his/her hand is considered as a passive system [34] . The environment is also assumed to be passive as there is no time delay. As the direct coupling itself is passive, the passivity of the whole system is then guaranteed since the series connection of passive systems yield a passive system as detailed previously. As shown in [32] , if a LTI system is passive, the system is stable when coupled to arbitrary passive system which is itself passive. This provides a sufficient condition for the stability of the micro teleoperation system presented in this paper.
B. Transparency analysis
To analyze the transparency of the system, the impedance criterion is used in this paper. The operator side impedance
is compared with the environment side impedance Z e = F e X e . The scaling gains are also taken into account. The perfect transparency is achieved [4] if :
The transparency investigation is carried out for two specific cases: a slave in non-contact mode (Z e → 0, no applied force) and a slave in contact mode. For the first mode (non-contact mode), the operator-side impedance depends only on the characteristics of the haptic interface's small motor. As shown in [21] , the choice of this motor is made to ensure minimal inertia. Thus, the ideal transparency is achieved for this mode. For the second mode (contact mode), the environment is modeled as a sample with a stiffness k e . Figure 7 represents a Bode diagram of Z op and of
Z e for three values of k e representing typical stiffness values of soft matter. The result shows that the impedance of the micro environment is transmitted to the human operators for k e < 1 N/m. The bandwidth of the sensor currently limits the stiffness of the samples that can be sensed up to 1 N/m. By increasing the sensor bandwidth, the system could interact with stiffer samples.
C. System validation 1) Experimental bench:
The experimental setup is depicted in Fig. 8(b) . The sensor is placed on an anti-vibration table to avoid external mechanical perturbations. An optical microscope provides a visual feedback of the sample (droplet of water) and of the probe. The whole system is connected to a controller PC running RTAI/Linux real time OS. This system is adapted to numeric control implementation.
2) Tests and results:
The experiment is performed in a clean room to limit the influence of environmental conditions. The system is tested on a complex case for microscale force sensing, which consists in measuring the time-course interaction of a thin glass probe with a water droplet under direct human control. The task is split in four main phases, namely 'approach', 'contact', 'retract', and 'contact break'.
A droplet with a diameter of 0.8 mm is pipetted on the tip of a needle. The droplet is approached towards the probe using the position of the interface handle as a set point for the sample holder. The droplet is contacted and then retracted in approach-retract cycle. The interaction force is measured by the sensor and fed to the user through the haptic interface. Figures 9 and 10 represent respectively the force measured by the sensor over a cycle of approach-retract and the force transmitted to the operator using a probe with a diameter of 140 µm. The resulting curves highlight the high level of transparency of the system since the output force of the haptic interface is a linear function of the measured interaction.
The system remains stable over the experiments and achieves perfect transparency. In fact, the force felt by the user through the interface handle is exactly the force measured by the sensor amplified by α f . Hence, this investigation shows the performances and the importance of the micro teleoperation system applications. The system has also been tested by several users with no experience in microscale phenomena. Various interaction forces, like pull-in and pulloff forces, are correctly rendered to the operators as shown above. 
VI. CONCLUSION
The design of a new micro teleoperation system that is not subjected to the stability/transparency trade-off is presented. It is based on the coupling of an active force sensor with a high-fidelity haptic device through a direct bilateral control scheme. The system provides a natural and intuitive interac-tion with the microscale, owing to the particularities of each device. First, the force sensor provides a force measurement which is not based on a structural stiffness but on a force balancing principle. Hence its output accurately reflects the physical interaction, independently of the probe's mechanical properties. The haptic device is based on a dual stage design for a single degree of freedom. Its performances are very close to human haptic perception range. The direct bilateral coupling allows for linear transformations between microand macroscales. As a result, the system transposes successfully the sense of touch into the microscale. The system is validated by measuring the interaction of a glass probe with a droplet of water involving adhesion and capillary forces. This complex interaction is accurately rendered to the operator with unprecedented haptic clarity.
Future work would improve fabrication of the sensor using MEMS fabrication technique, while retaining the same principle. The bandwidth of the sensor is then expected to reach the kHz range. Another improvement would transform the rotation degree freedom of the haptic interface to translation freedom, in order to improve the system ergonomic.
